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METHOD AND APPARATUS FOR
DETERMINING A DEPTH OF A TARGET
OBJECT

CROSS REFERENCE TO RELATED
APPLICATION(S)

This application 1s a 35 U.S.C. §371 National Phase Entry

Application from PCT/EP2012/069352, filed Oct. 1, 2012,
the disclosure of which 1s incorporated by reference.

TECHNICAL FIELD

The present invention relates to a method and an appa-
ratus for determining a depth of a target object 1n an
environment. The ivention also relates to a computer
program product configured to implement a method for
determining a depth of a target object 1n an environment.

BACKGROUND

Three dimensional video technology continues to grow in
popularity, and 3D technology capabilities have evolved
rapidly 1n recent years. Production studios are now devel-
oping a number of titles for 3D cinema release each year,
and 3D enabled home cinema systems are widely available.
Research 1n this sector continues to gain momentum, fuelled
by the success of current 3D product offerings and supported
by interest from industry, academia and consumers.

The term 3D 1s usually used to refer to a stereoscopic
experience, 1n which an observer’s eyes are provided with
two slightly different images of a scene, which images are
fused 1n the observer’s brain to create an impression of
depth. This eflect 1s typically used 1n 3D films for cinema
release and provides an excellent 3D experience to a sta-
tionary observer. However, stereoscopic technology 1s
merely one technique for producing 3D video images. Free
viewpoint television (FTV) 1s a new audiovisual system that
allows observers to view 3D video content while freely
changing position in front of a 3D video display. In contrast
to stereoscopic technology, which requires the observer to
remain stationary to experience the 3D content, F'TV allows
an observer to view a scene from many different angles,
greatly enhancing the impression of being actually present
within the scene.

The FTV functionality 1s enabled by capturing a scene
using many different cameras which observe the scene from
different angles or viewpoints. These cameras generate what
1s known as multiview video. Multiview video can be
relatively efliciently encoded by exploiting both temporal
and spatial similarities that exist 1n different views. How-
ever, even with multiview coding (MVC), the transmission
cost for multiview video remains prohibitively high. To
address this, current versions of FTV only actually transmut
a subset of captured multiple views, typically between 2 and
3 of the available views. To compensate for the missing
information, depth and disparity maps are used to recreate
the missing data. From the multiview video and depth/
disparity information, virtual views can be generated at any
arbitrary viewing position. Many techniques exist in the
literature to achieve this, depth i1mage-based rendering
(DIBR) being one of the most prominent.

A depth map, as used in FTV, 1s simply a greyscale image
of a scene 1n which each pixel indicates the distance between
the corresponding pixel 1n a video object and the capturing,
camera. A disparity map 1s an intensity image conveying the
apparent shift of a pixel which results from moving from one
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viewpoint to another. The link between depth and disparity
can be appreciated by considering that the closer an object
1s to a capturing camera, the greater will be the apparent
positional shift resulting from a change 1n viewpoint. A key
advantage of depth and disparity maps 1s that they contain
large smooth surfaces of constant grey levels, making them
comparatively easy to compress for transmission using
current video coding technology.

A depth map for a scene or environment may be compiled
by measuring depth of objects within the environment using
specialised cameras. Structured light and time of flight
cameras are two examples of such specialised cameras
which may be used to measure depth. In a structured light
camera, a known pattern of pixels (often a grid or horizontal
bars) 1s projected onto a scene. Deformation of the known
light pattern on striking different objects 1s recorded and
used to calculate depth information for the objects. In a time
of tlight camera, the round trip time of a projected pulse of
light 1s recorded and used to calculate the required depth
information. One drawback of such specialist cameras 1s that
the range of depths that can be measured 1s limited. Objects
that are too close or too far away from the device cannot be
sensed, and hence will have no depth information. A further
drawback 1s the generation of disocclusion gaps. The spe-
cific configuration of depth sensing devices generally
requires the provision of a transmitting device (such as an IR
projector) and a recording device (such as an IR camera) to
be positioned at a distance from one another. This arrange-
ment results 1n occlusions 1n the background of the sensed
environment resulting from the presence of foreground
objects. Only the foreground objects receive for example the
projected light pattern, meaning that no depth information
can be obtained for the background area that is obscured by
the foreground object. These obscured regions of no depth
information are known as disocclusion gaps. An example of
a disocclusion gap for a structured light depth sensing device
1s illustrated in FIG. 1. The foreground object obscures the
background, preventing a projected light pattern and or
camera view from reaching the background over a limited
area, and generating the shaded disocclusion gaps. One gap
1s created on the left of the object where projected light does
not reach the background. A second gap 1s created on the
right of the object where the camera 1s not able to view the
background.

Other 1ssues such as non-reflective surfaces or different
intrinsic camera parameters can also result in areas of a
scene having missing depth values. FIG. 2a shows image
texture of a scene recorded with an image camera. FIG. 256
shows a depth map of the same scene recorded using a depth
sensing apparatus. The cross hatched area in the depth map
indicates all the areas for which depth information could not
be obtained as result of range limitations, disocclusion gaps
or other constraints. It can be seen that a significant propor-
tion of the scene has no available depth data.

A further limitation of depth sensing apparatus 1s accu-
racy. Not only 1s depth data unavailable for large areas of an
environment, but those depth values that are available are
often “no1sy”. Significant post processing may be required
to filter and optimise the sensed depth values 1n order to
improve their quality.

The limitations of depth sensing apparatus may result 1n
a depth map of a scene that 1s both incomplete and 1naccu-
rate, and this can become a significant 1ssue when using the
map to generate 3D video 1mages. If depth data for an object
1s unavailable or maccurate then the 3D screen displaying
the video content will not render the object correctly 1n three
dimensions. This causes significant eye strain for the viewer
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and degrades the overall 3D experience. Object depth data
needs to be both available and as accurate as possible in
order to enable 3D video technology to provide a credible
reflection of reality.

Existing attempts to address 1ssues with the availability of
depth data remain unsatisfactory. Filter and optimisation
based frameworks use an iteratively optimised model of a
scene and discard the missing depth areas. These methods do
not attempt to fill 1n the missing depth data but merely filter
the raw depth data temporally and spatially. Alternative
options propose the use of one or more additional cameras
together with a stereo-based depth estimation method in
order to merge the measured and estimated depth maps. The
integration of an additional camera or cameras significantly
increases both the computational burden and the practical
complexities of these methods.

SUMMARY

It 1s an aim of the present invention to provide a method,
apparatus and computer program product which obviate or
reduce at least one or more of the disadvantages mentioned
above.

According to a first aspect of the present invention, there
1s provided a method for determining a depth of a target
object in an environment. Embodiments of the method
comprise sensing a depth of objects within the environment
with a depth sensing apparatus, identifying a disocclusion
gap caused by the target object, detecting a position of edge
contours of the disocclusion gap, and calculating a depth of
the target object from the position of the disocclusion gap
edge contours and a position of the depth sensing apparatus.

Embodiments of the present invention thus determine a
depth value for an object based on a disocclusion gap created
by the object. A feature of sensed depth data for certain
objects 1s used as a tool for calculating depth data which may
otherwise be unavailable or 1naccurate.

According to an embodiment of the invention, identiiying
a disocclusion gap caused by the target object may comprise
identifying an area of the environment at least partially
obscured from the depth sensing apparatus by the target
object.

A depth sensing apparatus may comprise a projecting
clement and a recording element, which elements may not
be positioned at the same location. The sensing of object
depth values with such apparatus may require line of sight
to the object from both the projecting element and the
recording element. Obscuring of an area from either one of
these elements of the depth sensing apparatus can result in
inability to sense a depth value, and hence a disocclusion
gap.

According to an embodiment of the invention, detecting
a position of edge contours of the disocclusion gap may
comprise 1dentifying within a map of the sensed depth data
a distant edge contour bounding an area of no depth data,
identifying within the depth map a near edge contour
substantially adjacent to the distant edge contour and having
a corresponding profile, and detecting a position of the
distant and near edge contours.

According to some embodiments ol the invention, a
certain amount of sensed depth data may be available for the
target object. Such data may be noisy or otherwise inaccu-
rate and 1t may therefore be desirable to calculate depth data
for the object based on the disocclusion gap 1t creates. An
object for which some depth data 1s available will appear 1n
a map ol the sensed depth data, and thus both near edge and
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distant edge contours of the disocclusion gap caused by the
object may be 1dentified within a map of the sensed depth
data.

According to another embodiment of the invention,
detecting a position of edge contours of the disocclusion gap
may comprise 1dentifying within a map of the sensed depth
data a distant edge contour bounding an area of no depth
data, identifying within a texture image of the environment
a near edge contour substantially adjacent to the distant edge
contour and having a corresponding profile, and detecting a
position of the distant and near edge contours.

According to some embodiments of the invention, there
may be no depth data available for the target object. This
may be the case for example when the target object is outside
the available depth sensing range. In some examples, the
target object may be too close to the depth sensing apparatus
to be registered. In such circumstances, 1t may not be
possible to i1dentily from a map of sensed depth data the
transition from a target object disocclusion gap to the target
object itsell, the depth data 1n both regions being missing
although for different reasons. According to an embodiment
of the present invention, this missing edge contour of the
disocclusion gap may be obtained from a texture image of
the environment.

According to an embodiment of the mnvention, a position
of at least one of the edge contours may include depth data.
The at least one edge contour may comprise the distant edge
contour. A distant edge contour of a disocclusion gap may,
according to some embodiments, be 1dentified within a map
of sensed depth data as a transition between a region of the
map where depth data 1s available and a region of the map
where depth data 1s missing. Thus depth data for the distant
edge contour may be available and according to embodi-
ments of the invention, this depth data may be included
within the detected position of the distant edge contour.

The depth sensing apparatus may comprise first and
second eclements located at first and second positions.
According to another embodiment of the mvention, calcu-
lating a depth of the target object may comprise calculating
an 1ntersection of a line linking the distant edge contour with
the depth sensing element located furthest from the distant
edge contour, and a line linking the near edge contour with
the other depth sensing element.

Embodiments of the present invention may thus mcorpo-
rate an assumption that a line of sight linking an obscured
depth sensing element and the furthest edge of the disoc-
clusion gap passes through a point of the target object. This
assumption enables the point of the target object to be
localised 1n the depth dimension using a relatively simple
cross product calculation to find an 1ntersection of two lines.

According to another embodiment, calculating a depth of
the target object may comprise identiiying a midpoint of a
perpendicular line joining the two 1dentified lines and having
a minimum length. Embodiments of the invention may thus
incorporate an assumption that a point of the target object 1s
situated on the midpoint of such a line.

The depth sensing elements may comprise a transmitting,
clement and a recording element, and may for example
comprise a light emitting element and a camera of a struc-
tured light depth sensing apparatus. In alternative examples,
the elements may comprise a pulse emitter and pulse
receiver of a time of flight depth sensing apparatus.

According to an embodiment of the invention, the method
may further comprise assigning the calculated depth value to
the entirety of the target object. The depth of the object 1s
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thus approximated to be the depth calculated for a point of
the object. This approximation allows for fast processing of
the depth map.

According to another embodiment of the invention, the
method may further comprise constructing a three dimen-
sional model of the target object and assigning depth values
to the object according to the calculated depth value and the
three dimensional model. An accurate representation of the
depth of the object may thus be obtained from only a single
calculated depth value, using relative relations between
points of the object encapsulated in the three dimensional
model of the object.

According to an embodiment of the invention, the method
may further comprise integrating the calculated depth value
into a numerical framework for establishing a depth of the
target object. The numerical framework may be a filtering,
framework or an optimization framework. The numerical
framework may incorporate sensed values of a depth of the
target object. In one example, the calculated depth may be
incorporated as a relative constraint on the framework. In
this manner, the method of the present invention may
tacilitate the development of accurate depth information
from 1naccurate sensed depth data.

According to another aspect of the present invention,
there 1s provided a computer program product configured,
when run on a computer, to implement a method according,
to the first aspect of the present invention.

According to another aspect of the present invention,
there 1s provided an apparatus for determining a depth of a
target object 1n an environment. Embodiments of the appa-
ratus comprise an 1dentifying unit configured to identily a
disocclusion gap caused by the target object in depth data
obtained with a depth sensing apparatus; a detecting unit
configured to detect a position of edge contours of the
disocclusion gap; and a calculating unit configured to cal-
culate a depth of the target object from the position of the
disocclusion gap edge contours and a position of the depth
sensing apparatus.

In an embodiment, the identifying umit may be configured
to 1dentily an area of the environment at least partially
obscured from the depth sensing apparatus by the target
object.

According to an embodiment, the detecting unit may be
configured to detect edge contours within a map of sensed
depth data.

According to another embodiment, the detecting unit may
be configured to detect edge contours 1 a map of sensed
depth data and 1n a texture image of the environment.

The depth sensing apparatus may comprise first and
second elements located at first and second positions.
According to another embodiment of the invention, the
calculating unit may be configured to calculate an intersec-
tion of a line linking a distant edge contour with the depth
sensing eclement located furthest from the distant edge
contour, and a line linking a near edge contour with the other
depth sensing element.

According to another embodiment, the apparatus may
turther comprise a processing unit configured to perform at
least one of: (1) assigning the calculated depth value to the
entirety of the target object, (1) assigning depth values to the
object according to the calculated depth value and a three
dimensional model of the object; and (111) integrating the
calculated depth value into a numerical framework for
establishing a depth of the target object.

The processing unit may be configured to construct a
three dimensional model of the target object.
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Features disclosed in connection with one aspect or
embodiment of the present invention may be combined or
incorporated in another aspect or embodiment of the present
invention.

BRIEF DESCRIPTION OF THE

DRAWINGS

For a better understanding of the present invention, and to
show more clearly how it may be carrnied into eflect,
reference will now be made, by way of example, to the
following drawings in which:

FIG. 1 illustrates an example of a disocclusion gap;

FIG. 2a shows 1mage texture of a scene recorded with an
1mage camera;

FIG. 2b shows a depth map of the scene of FIG. 2a
recorded using a depth sensing apparatus;

FIG. 3 1s a flow chart illustrating steps in a method for
determining a depth of a target object in an environment;

FIG. 4 shows an apparatus for determiming a depth of a
target object 1n an environment;

FIG. 5 1s a flow chart illustrating steps 1n another embodi-
ment of a method for determining a depth of a target object
1n an environment:

FIG. 6 1s a partial tlow chart illustrating alternative steps
in the tlow chart of FIG. 5.

FIG. 7 shows another embodiment of apparatus for deter-
mining a depth of a target object 1n an environment;

FIG. 8 1llustrates identified disocclusion gaps in the scene
of FIG. 2; and

FIG. 9 illustrates an example of a calculation method.

DETAILED DESCRIPTION

FIG. 3 illustrates steps in a method 100 for determining a
depth of a target object 1n an environment. A first step 110
of the method comprises sensing a depth of objects within
the environment with a depth sensing apparatus. The method
then proceeds, at step 120, to identify a disocclusion gap
caused by the target object. Having identified a disocclusion
gap, the method proceeds, at step 130, to detect a position of
edge contours of the disocclusion gap. Finally, at step 140
the method calculates a depth of the target object from the
position of the disocclusion gap edge contours and a position
of the depth sensing apparatus.

Embodiments of the present invention thus enable a depth
value for a target object to be obtained from a position of a
disocclusion gap caused by the object and a position of depth
sending apparatus used to sense a depth of objects within the
environment. As noted above, when using depth sensing
apparatus to sense a depth of objects within an environment,
certain objects can obscure parts of the environment, causing
what are known as disocclusion gaps within a map of the
sensed depth data. The present invention uses a relation
between a location of such gaps and a location of an object
causing the gaps to enable a depth value for an object
causing a disocclusion gap to be determined. The relation
between a disocclusion gap and a depth value of the object
causing the gap can be appreciated qualitatively by consid-
ering FIG. 8. FIG. 8 illustrates a depth map of the scene of
FIG. 2, with object edge boundaries identified from the
associated 1mage texture overlaid onto the sensed depth
data. Three disocclusion gaps are highlighted by cross
hatching in FIG. 8, caused by a head, a hand holding a box
and an overhead light fitting. The disocclusion gap caused
by the hand holding a box can be seen to be considerably
larger than either the gap caused by the head or the gap
caused by the overhead light fitting. The hand and box are
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much closer to the camera than the head or light fitting, and
thus cause a larger disocclusion gap. The present invention
exploits this relation to use mformation which may be
obtained from disocclusion gaps to recreate unavailable or
inaccurate depth information for objects causing the gaps.

In some embodiments, sensed depth data for the target
object may be available, and the method 100 may provide a
calculated depth value for use for example 1n an optimisa-
tion framework to improve the accuracy of available depth
data for the object. In other examples, the target object may
be out of an operating range of the depth sensing apparatus,
and embodiments of the present invention may thus enable
a depth to be calculated for an object which otherwise would
have no available depth data.

Embodiments of the present invention may enable gen-
eration of a more complete and accurate depth map for an
environment than can be obtained by depth sensing appa-
ratus alone. In the context of 3D technology, such an
improved depth map may facilitate better rendering of a
scene 1n three dimensions, and hence a better 3D experience
for a viewer.

Referring again to FIG. 3, and 1n accordance with an
embodiment of the present invention, step 110 of the method
may comprise using a structured light depth sensing appa-
ratus or a time of flight depth sensing apparatus to sense a
depth of objects within an environment. Such apparatus may
permit the generation of a depth map for the environment, in
which a greyscale image represents sensed depth values for
objects within the environment. Sensed depth data for
objects within the environment may be missing or mnaccurate
for various reasons, as discussed above. The present inven-
tion permits calculation of a depth value for a target object
which may have no or inaccurate depth data.

At step 120 of the method 100, a disocclusion gap 1s
identified which 1s caused by a target object. The position of
the disocclusion gap with respect to the object will be
dependent upon the location of the object and the particular
arrangement and features of the depth sensing apparatus
used to generate the available depth data. For example, a
disocclusion gap may be generated to the left of a target
object 1f the object blocks line of sight between a projector
positioned to the right of the object and the background area.
A disocclusion gap may appear in other positions with
respect to the object causing 1t, depending upon the relative
positions of the object and depth sensing apparatus, and the
relative positioning of elements within the depth sensing
apparatus.

At step 130 of the method 100, a position of edge contours
of the identified disocclusion gap 1s detected. The edge
contours of the disocclusion gap are the boundaries of the
gap, and their position 1s used, together with positional
information concerming the depth sensing apparatus, to
determine a depth of the target object. According to embodi-
ments of the invention, a distant edge contour of the gap 1s
defined 1n a background of the environment as the line of
transition between available sensed depth data and that
region of the background where no sensed depth data 1s
available owing to occlusion by the target object. A near
edge contour of the disocclusion gap 1s defined by the target
object itself. In the example scene 1illustrated 1n FIG. 2, a
disocclusion gap caused by the box being held in the
toreground 1n FIG. 2a can be seen 1n the depth map of FIG.
2b. However, 1n the scene shown 1n FIG. 2, the foreground
box 1s not within the operational range of the depth sensing,
apparatus used to generate the depth map. The box 1s too
close to the apparatus to permit sensing of a depth value. The
box therefore also appears on the depth map as a region of
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no sensed depth data. The transition between the disocclu-
s1on gap caused by the box and the box itself cannot be seen
on the depth map. Thus 1n the 1llustrated example, only the
distant edge contour of the disocclusion gap can be seen 1n
the depth map and image texture may be consulted to
identify the near edge contour of the disocclusion gap.
Techniques for identifying both the distant and near edge
contours of a disocclusion gap are discussed 1n further detail
below, with reference to FIGS. 5, 6, 7 and 8.

Once a position of the edge contours of the disocclusion
gap has been determined, the method proceeds, at step 140,
to calculate a depth of the target object. A position of the
depth sensing apparatus 1s also used 1n calculating the depth
value. As discussed above, the position of the depth sensing
apparatus has a bearing on where the disocclusion gap 1is
positioned with respect to the target object, and this posi-
tional information thus helps to decipher the implication of
the positioning of the disocclusion gap for the depth of the
target object. Techniques for calculating a depth of the target
object are discussed 1n further detail below, with respect to
FIGS. 5, 7 and 9.

FIG. 4 1llustrates functional units of an apparatus 300 1n
accordance with an embodiment of the invention. The
apparatus 300 may execute the steps of the method 100, for
example according to computer readable instructions
received from a computer program.

With reference to FIG. 4, the apparatus 300 comprises an
identifying unit 360, a detecting unit 370 and a calculating
unit 380. It will be understood that the units of the apparatus
are Tunctional units, and may be realised 1n any appropriate
combination of hardware and/or soiftware.

The i1dentifying umit 360 is configured to identily a
disocclusion gap caused by a target object. The disocclusion
gap may be identified within sensed depth data for an
environment, obtained using a depth sensing apparatus. The
detecting unit 370 of the apparatus 300 1s configured to
detect a position of edge contours of the disocclusion gap
identified by the i1dentifying unit 360. The calculating unit
370 1s configured to calculate a depth of the target object
from the position of the disocclusion gap edge contours
detected by the detecting unit 370 and a position of the depth
sensing apparatus.

FIG. 5 illustrates steps in a method 200 for determining a
depth of a target object 1n an environment 1n accordance
with another embodiment of the present immvention. The
method 200 1llustrates one example of how the steps of the
method 100 may be further subdivided in order to realise the
functionality discussed above. The method 200 also com-
prises additional steps which may be conducted 1n accor-
dance with embodiments of the present invention.

FIG. 7 1illustrates functional units of an apparatus 400 1n
accordance with another embodiment of the invention. The
apparatus 400 may execute the steps of the method 200, for
example according to computer readable instructions
received from a computer program.

With reference to FIG. 7, the apparatus 400 comprises an
identifying unit 460, a detecting unit 470 and a calculating
umit 480. The identifying, detecting and calculating units
460, 470, 480 of the apparatus 400 substantially correspond
to equivalent units of the apparatus 300. The apparatus 400

additionally comprises a processing unit 490. It will be
understood that the units of the apparatus 400 are functional
units, and may be realised 1n any appropriate combination of
hardware and/or software.
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The following disclosure discusses how the method 200
may be executed by the apparatus 400. However, 1t will be
appreciated that the method 200 1s not limited to being
executed 1n this manner.

With reference to FIGS. 5 and 7, 1n a first step 210 of the
method 200, a depth of objects within an environment under
consideration 1s sensed with a depth sensing apparatus. In
one example, the depth sensing apparatus may be a struc-
tured light depth sensing apparatus, comprising for example
an IR projector and an IR camera arranged in horizontal
alignment. Other examples of depth sensing apparatus and
arrangement between depth sensing elements may be envis-
aged. The following discussion refers to a horizontally
aligned structured light depth sensing apparatus for the
purposes ol explanation only.

After a depth of objects within an environment has been
sensed, the 1dentitying unit 460 of the apparatus 400 1den-
tifies at step 220aq a disocclusion gap caused by a target
object. The identifying unit 1s configured to identity the
disocclusion gap as an area of the environment which 1s at
least partially obscured by the target object and hence
contains no sensed depth data. The target object may for
example be any object within the environment which causes
a disocclusion gap. The target object may be associated with
sensed depth data, which may for example be considered to
be noisy or inaccurate, or the target object may be out of
range of the depth sensing apparatus, and hence have no
sensed depth data associated with 1t. In another example, the
target object may have maccurate or no sensed depth data for
other reasons, including a non-reflective object surface or
particularities of the depth sensing apparatus employed.

Once the 1dentifying unit 460 has 1dentified a disocclusion
gap caused by the target object, the detecting unit 470
detects at steps 230a to 230e a position of edge contours of
the disocclusion gap. As discussed above, a disocclusion gap
may comprise distant and near edge contours, which con-
tours represent the boundaries of the disocclusion gap. The
disocclusion gap edge contours may be discernable from the
sensed depth data, depending upon the availability of sensed
depth data for the target object itsell. Alternatively, the
disocclusion gap edge contours may be discernable from a
combination of the sensed depth data and associated image
texture data. FIG. 8 illustrates a depth map of the scene of
FIG. 2, with object edge boundaries identified from the
associated 1mage texture overlaid onto the sensed depth
data. Three disocclusion gaps can be 1dentified 1n the depth
map ol FIG. 7, caused by a head, a hand holding a box and
an overhead hgh‘[ fitting. The disocclusion gaps caused by
the head and the light fitting can be clearly seen from the
depth data alone. The head and light fitting have sensed
depth values, indicated by their rendering in shades of grey
in the depth map. The distant and near edge boundaries of
the associated disocclusion gaps can therefore be detected as
the transition between a region of available sensed depth
data (rendered 1n shades of grey/black) and a region of no
sensed depth data (cross hatched). In contrast, the hand
holding the box, appearing in the foreground of the image,
has no sensed depth data. Considering only the depth
information, the hand and box are indistinguishable from the
disocclusion gap they cause. It 1s therefore necessary to refer
to the 1mage text data to identify the near edge contour of the
disocclusion gap caused by the hand/box. This near edge
contour 1s the transition from disocclusion gap to object
causing the gap and i1s therefore the edge contour of the
hand/box as identified from the image texture edge data
overlaid on the depth map.
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In one embodiment of the present invention (not shown),
the detecting unit 470 may be configured to follow a specific
procedure according to the availability of depth data for the
target object. For example, 1n one embodiment, the detecting
unmit 470 may be configured to follow a first procedure for
target objects having available depth data, and to follow a
second procedure for target objects having no available
depth data. The first procedure may comprise (1) identifying
in the sensed depth data edge contours bounding areas of no
sensed depth data, and (11) for each 1dentified edge contour,
checking adjacent identified edge contours to locate an
adjacent edge contour having a corresponding profile. A
corresponding profile may not be 1dentical to the identified
profile but will share profile features such as corners, pro-
trusions etc. A detecting algorithm may progress from one
edge of the scene to another. For example 1n the illustrated
depth map of FIG. 8, a detecting algorithm may identity
edge contours from the left of the image, and check for a
neighbouring edge contour to the right of the identified edge
contour which has a corresponding profile.

The second procedure may comprise (1) identifying in the
sensed depth data edge contours bounding areas of no
sensed depth data, and (11) 1dentifying object edges 1n 1mage
texture data. The procedure may then comprise (111) 1denti-
tying, for each identified edge contour in the sensed depth
data, the object edge from the 1mage texture data that has a
corresponding profile. A detecting algorithm may again
progress from one edge of the scene to another. For example
in the 1llustrated depth map of FIG. 8, a detecting algorithm
may 1dentily sensed depth edge contours from the left of the
image, and check for a neighbouring object edge contour to
the right of the identified depth edge contour which has a
corresponding profiile.

In accordance with another embodiment of the present
invention, and as 1llustrated 1n FIG. 5, the detecting unit 470
may be configured to follow a single procedure for all target
objects. According to the embodiment illustrated 1n FIG. 5,
in a step 230q, the detecting unit 470 1dentifies a distant edge
contour of the disocclusion gap from the sensed depth data.
As 1llustrated m FIG. 8, a distant edge contour of a disoc-
clusion gap can be identified from the sensed depth data
regardless of the availability of depth data for the target
object, and does not appear in the 1image texture data. The
detecting unit 470 then determines, at step 2305, whether or
not a corresponding near edge contour for the disocclusion
gap can be identified from the sensed depth data. If a near
edge contour can be i1dentified from the sensed depth data
(Yes at step 2305) then the detecting unit 470 1dentifies the
near edge contour from the sensed depth data at step 2304.
As noted above, i1dentilying an edge contour involves not
just establishing that an edge exists, but determining the
profile formed by the contour, so as to enable edge contours
having corresponding profiles, and therefore defimng distant
and near edges of the same disocclusion gap, to be detected.
If a corresponding near edge contour cannot be identified
from the sensed depth data (No at step 2305) then the
detecting unit 470 1dentifies the near edge contour of the
disocclusion gap from the image texture of the environment.
Suitable edge detection algorithms may be employed for
identifying edge contours from the sensed depth data and the
image texture. One example of a suitable algorithm 1s the
Canny algorithm.

Another alternative embodiment for edge contour detec-
tion 1s illustrated 1n FIG. 6. According to the embodiment
illustrated 1n FIG. 6, a single procedure 1s again followed for
all target objects, but the near edge contour 1s preferentially
identified 1n 1mage texture data, with reference to the sensed
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depth data only being made 1n the event that image texture
data 1s not available. In certain circumstances, 1t may be that
edge contours represented in an 1mage texture of a scene
may be more accurate that those represented 1in a depth map.
It may therefore be appropriate to use i1mage texture for
identifying near edge contours of a disocclusion gap, even
where such contours are also 1dentifiable from sensed depth
data. According to the embodiment of FIG. 6, after the
identification of a disocclusion gap, the detecting unit 470
identifies, at step 530a a distant edge contour of the disoc-
clusion gap from the sensed depth data. The detecting unit
470 then determines, at step 3305, whether or not 1image
texture data 1s available. If 1mage texture data i1s available
(Yes at step 3305) then the detecting unit 470 1dentifies the
near edge contour of the disocclusion gap from the image
texture of the environment at step 530d. If 1image texture
data 1s not available (No at step 5305) then the detecting unit
4’70 1dentifies the near edge contour from the sensed depth

data at step 530c¢

Referring again to FIG. 5, having identified the distant
and near edge contours of the disocclusion gap either in the
sensed depth data or in 1mage texture data, the detecting unit
470 proceeds to detect the position of the distant and near
edge contours at step 230e. Positional imnformation for the
distant edge contour may include depth or z axis informa-
tion, as the distant edge contour 1s identified from sensed
depth data. Positional information for the distant edge con-
tour may also include x and/or y axis information, placing
the contour within two or three dimensions. If elements of
the depth sensing apparatus are horizontally aligned, then
the positional information of the distant contour may include
only x axis information. Alternatively, if the elements of the
depth sensing apparatus are vertically aligned, then the
positional information of the distant edge contour may
include only y axis information. Positional information for
the near edge contour may include only x and/or v axis
information, according to alignment of the depth sensing
clements. Positional information for the near edge contour
may not iclude depth, or z axis information. A depth value
for the near edge contour corresponds to a depth value for
the target object itself. This depth value 1s calculated accord-
ing to the present mvention.

By knowing calibration parameters and extrinsic posi-
tional information of apparatus used to obtain the sensed
depth data, a depth value for the near edge contour, and
hence for the target object, can be calculated from the
positional mformation of the disocclusion gap edge con-
tours. Calibration parameters may include for example focal
lengths and principal points. Positional information of the
depth sensing apparatus may include a baseline distance
between a projector and a camera of the apparatus, or, more
generally, a relative pose [R, t] between the two elements.

FIG. 8 1llustrates a scene configuration for an environ-
ment. FIG. 8 illustrates how, according to an embodiment of
the present invention, a depth value for a target object may
be calculated. The scene of FIG. 8 1s viewed {from above,
with depth indicated on a vertically illustrated z axis. The
target object (labelled foreground) i1s positioned between
horizontally aligned elements of a depth sensing apparatus
and a background of the scene. The depth sensing apparatus
comprises an IR projector 2 and an IR camera 4. The optical
centres O, O_ ot the projector and camera are positioned on
the x axis and separated by a baseline distance b. Minimum
and maximum operational distances for the depth sending
apparatus are indicated as Z . and Z . The target object
can be seen to be positioned at a depth Z<7, ;. The target

5

10

15

20

25

30

35

40

45

50

55

60

65

12

object 1s therefore outside the operating range of the depth
sensing apparatus and no depth data i1s available for the
target object.

A disocclusion gap 1s caused by the target object, as the
target object blocks a line of sight from the optical projector
2 to the background. P, (X,,Y,, Z,) 1s a point on the distant
edge contour of the disocclusion gap. Point P, 1s positioned
at a background depth Z,. The x value X, of the point P,
corresponds to the x position of the last sensed background
image betore occlusion by the target object. P-(Xs Y5 Z/) 1s
a point on the near edge contour ot the disocclusion gap. P,
1s therefore a point on the target object. Point P,1s positioned
at a depth Z-which 1s to be calculated. The x value of the
point P corresponds to the first (line wise) observed pro-
jection of the target object in the image texture, moving
towards the right 1n the 1mage texture from the location of
the distant edge contour 1dentified 1n the sensed depth data.
The points P, and P,are expressed in homogeneous coordi-
nates, meaning that:

z*p=K1 *p

where p(X,y) 1s the position of P 1n the image (1n pixels), z
1s the depth value of P and K 1s the calibration matrix of the
camera capturing the image.

A width W of the disocclusion gap can be calculated as:

W=X-X,

A three dimensional line L can be drawn linking the point
P, on the distant edge contour to the optical centre O, of the
projector 2. The line L passes very close to the point P, as
the line L represents the last available line of sight before
occlusion starts at point P. The line L can be defined in
homogeneous coordinates by the formula:

L=P,-0,

Another three dimensional line 1. can be drawn linking the
point P.on the near edge contour to the optical centre O_ of
the camera 4. The line 1. can be defined in homogeneous
coordinates by the formula:

=P ~O,

It will be appreciated that in a more general form, the line
L. can be considered as linking the distant edge contour of the
disocclusion gap with the element of the depth sensing
apparatus that 1s furthest from the distant edge contour. The
line 1, links the near edge contour with the other depth
sensing element.

The calculating unit 480 of the apparatus 400 identifies
the line L linking the distant edge contour with the element
of the depth sensing apparatus that 1s furthest from the
distant edge contour at step 140aq of the method. The
calculating unit identifies the line 1. linking the near edge
contour with the other depth sensing element at step 1406 of
the method. The lines are i1dentified according to the par-
ticular configuration of the scene and sensing apparatus in
question.

Embodiments of the present invention use an assumption
that the line L passes through the pomt P. As discussed
above, the line L actually passes very close to the point P
but by making an assumption that the line L passes through
the poimnt P, a simple calculation can be used to 1dentify the
point P.1n all thee dimensions. According to further embodi-
ments, a more accurate approximation may be made for
example by integrating the camera angular resolution into
the approximation.

The approximation made to consider the line L as passing,
through the point P, means that both lines L and 1. pass
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through the three dimensional point P, The depth value Z,
of the point P, can therefore be found by identifying the
intersection ot the two lines L and 1. This intersection can
be found using a 3D lines cross product. As the depth
sensing elements 2, 4 are aligned on the x axis, the inter-
section can also be considered in two dimensions, with no y
values, and the mtersection can be found by performing a 2D
lines cross product:

P=IxL
where 1-and L are expressed in homogeneous coordinates
and x represents the vector cross product.

According to the 1llustrated embodiment, the calculating
unit 480 computes a cross product to 1dentify the intersec-
tion of the lines L and 1. at step 240c¢ of the method.

According to another embodiment (not shown) the step
240c may be replaced by a step 241c. According to this
embodiment, the assumption discussed above regarding the
line L 1s replaced by an assumption that the point P, is
situated 1n the middle of a perpendicular line joining 1.and
L. and having a minimum length. Having identified the lines
I.and L, the calculating unit 480 locates the middle of such
a line and thus 1identifies the position of point P, at a step
241c.

Having 1dentified the position ot the point P, either by
finding a lines intersection at step 240c¢ or by finding a
midpoint of a linking line at step 241c¢, the calculating unait
480 extracts the depth value Z.of the point P, at step 2404.
The depth value Z,1s the Z coordinate of the identified
position P

This extracted depth value represents the depth of a point
on the target object with respect to the camera 4 optical
centre. According to the illustrated embodiment, the pro-
cessing unit 490 of the apparatus 400 may assign that depth
value Z 1o the entirety of the target object in a step 250.

According to another embodiment of the invention, the
processing unit 490 may access a three dimensional model
of the target object, and may assign the depth value Z to the
appropriate position on the 3D model of the target object
according to the particular scene configuration. The process-
ing unit 490 may then proceed to assign depth values to the
different parts of the target object according to their position
with respect to that part of the target object which 1s at the
depth Z, The processing unit 490 may be configured to
construct the 3D model of the object according to data
provided for example from the 1mage texture of the object.

According to another embodiment of the present mnven-
tion, the method may have been employed to calculate a
depth value for a target object for which sensed depth data
1s available. The sensed depth data may be approximate,
noisy or otherwise inaccurate, and the processing umt 490
may be configured to integrate the calculated depth value
into an optimisation or filtering framework 1n order to arrive
at a more accurate depth value. The calculated depth value
may for example be integrated as a relative constraint 1n a
filtering or optimisation framework.

According to other embodiments of the present invention,
the processing unit 490 may be configured to take appro-
priate action to assign depth values to the target object or to
integrate a calculated depth value into a filtering or optimi-
sation framework according to the availability of sensed
depth data for the target object.

Embodiments of the present invention thus allow for
generation of a more complete and/or more accurate depth
map without the need for an additional camera. Embodi-
ments of the present invention use depth and image texture
information that 1s already available according to standard
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practices for measuring a depth map with a single depth
sensing apparatus. The present invention facilitates the gen-
cration of depth data for objects having no available sensed
depth data and also facilitates the generation of more accu-
rate depth data for objects having inaccurate or noisy sensed
depth data. The more complete and/or more accurate depth
map which may be generated as a consequence of the
present invention may be used in combination with three
dimensional video technology to provide an improved 3D
experience to a viewer.

The method of the present invention may be implemented
in hardware, or as software modules running on one or more
processors. The method may also be carried out according to
the instructions of a computer program, and the present
invention also provides a computer readable medium having
stored thereon a program for carrying out any of the methods
described herein. A computer program embodying the
invention may be stored on a computer-readable medium, or
it could, for example, be in the form of a signal such as a
downloadable data signal provided from an Internet website,
or 1t could be 1n any other form.

It should be noted that the above-mentioned embodiments
illustrate rather than limit the invention, and that those
skilled 1n the art will be able to design many alternative
embodiments without departing from the scope of the
appended claims. The word “comprising” does not exclude
the presence of elements or steps other than those listed 1n
a claim, “a” or “an” does not exclude a plurality, and a single
processor or other unit may fulfil the functions of several
units recited 1n the claims. Any reference signs 1n the claims
shall not be construed so as to limit their scope.

The mvention claimed 1s:

1. A method for determining a depth of a target object in
an environment, comprising:

sensing a depth of objects within the environment with a

depth sensing apparatus;

identifying a disocclusion gap caused by the target object;

detecting a position of edge contours of the disocclusion

gap; and

calculating a depth of the target object from the position

of the disocclusion gap edge contours and a position of
the depth sensing apparatus.
2. The method as claimed 1n claim 1, wherein identifying
a disocclusion gap caused by the target object comprises
identifying an area of the environment at least partially
obscured from the depth sensing apparatus by the target
object.
3. The method as claimed 1n claim 1, wherein detecting a
position of edge contours of the disocclusion gap comprises:
identifying, within a map of the sensed depth data, a
distant edge contour bounding an area of no depth data;

identitying within the depth map a near edge contour
substantially adjacent to the distant edge contour and
having a corresponding profile; and

detecting a position of the distant and near edge contours.

4. The method as claimed 1n claim 1, wherein detecting a
position of edge contours of the disocclusion gap comprises:

identifying, within a map of the sensed depth data, a

distant edge contour bounding an area of no depth data;

identifying, within a texture 1mage of the environment, a

near edge contour substantially adjacent to the distant
edge contour and having a corresponding profile; and
detecting a position of the distant and near edge contours.

5. The method as claimed in claim 3, wherein a position
ol at least one of the edge contours includes depth data.

6. The method as claimed 1n claim 5, wherein the at least
one edge contour comprises the distant edge contour.
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7. The method as claimed 1n claim 1, wherein the depth
sensing apparatus comprises first and second elements
located at first and second positions, and wherein calculating
a depth of the target object comprises calculating an inter-
section of a line linking a distant edge contour with the depth
sensing eclement located furthest from the distant edge
contour, and a line linking a near edge contour with the other
depth sensing element.

8. The method as claimed 1n claim 1, wherein the method
turther comprises assigning the calculated depth value to the
entirety of the target object.

9. The method as claimed 1n claim 1, wherein the method
turther comprises constructing a three dimensional model of
the target object and assigning depth values to the object
according to the calculated depth value and the three dimen-
sional model.

10. The method as claimed in claim 1, wherein the method
turther comprises integrating the calculated depth value into
a numerical framework for establishing a depth of the target
object.

11. A computer program product comprising a non-tran-
sitory computer readable medium storing instructions for
implementing the method of claim 1.

12. An apparatus for determining a depth of a target object
in an environment, the apparatus comprising one or more
processors and a non-transitory computer readable memory
coupled to said one or more processors, said one or more
processors configured to:

identify a disocclusion gap caused by the target object in

depth data obtained with a depth sensing apparatus;
detect a position of edge contours of the disocclusion gap;
and

calculate a depth of the target object from the position of

the disocclusion gap edge contours and a position of the
depth sensing apparatus.

13. The apparatus as claimed in claim 12, wherein the one
or more processors are configured to detect edge contours
within a map of sensed depth data.

14. The apparatus as claimed in claim 12, wherein the one
or more processors are configured to detect edge contours 1n
a map ol sensed depth data and 1n a texture image of the
environment.
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15. The apparatus as claimed 1n claim 12, wherein the one
or more processors are configured to perform at least one of:
assigning the calculated depth value to the entirety of the
target object;
constructing a three dimensional model of the target
object and assigning depth values to the object accord-
ing to the determined depth value and the three dimen-
sional model; and
integrating the determined depth value into a numerical
framework for establishing a depth of the target object.
16. The apparatus as claimed 1n claim 12, wherein detect
a position of edge contours of the disocclusion gap com-
Prises:
identily, within a map of the sensed depth data, a distant
edge contour bounding an area of no depth data;
identily within the depth map a near edge contour sub-
stantially adjacent to the distant edge contour and
having a corresponding profile; and
detect a position of the distant and near edge contours.
17. The apparatus as claimed 1n claim 12, wherein detect
a position of edge contours of the disocclusion gap com-
Prises:
identity, within a map of the sensed depth data, a distant
edge contour bounding an area of no depth data;
1dentily, within a texture 1image of the environment, a near
edge contour substantially adjacent to the distant edge
contour and having a corresponding profile; and
detect a position of the distant and near edge contours.
18. The apparatus as claimed i claim 17, wheremn a
position of at least one of the edge contours 1includes depth
data.
19. The apparatus as claimed 1n claim 18, wherein the at
least one edge contour comprises the distant edge contour.
20. The apparatus as claimed 1n claim 12, wherein the
depth sensing apparatus comprises first and second elements
located at first and second positions, and wherein calculate
a depth of the target object comprises calculate an intersec-
tion of a line linking a distant edge contour with the depth
sensing element located furthest from the distant edge
contour, and a line linking a near edge contour with the other
depth sensing element.

G ex x = e



	Front Page
	Drawings
	Specification
	Claims

